Effect of various pH values, ionic strength, and temperature on papain hydrolysis of salivary film by Yao, Jiang-Wu et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Yao, Jiang-Wu, Xiao, Yin, & Lin, Feng (2012) The effect of various pH, ionic
strength and temperature on papain hydrolysis of salivary film. European
Journal of Oral Sciences, 120(2), pp. 140-146.
This file was downloaded from: http://eprints.qut.edu.au/47718/
c© Copyright 2012 Wiley-Blackwell Publishing
The definitive version is available at www3.interscience.wiley.com
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
http://dx.doi.org/10.1111/j.1600-0722.2012.00942.x
1 
The effect of various pH, ionic strength and temperature on papain hydrolysis of 
salivary film 
 
Jiang-Wu Yao1*, Yin Xiao2*, Feng Lin1 
 
1Department of Oral Biology and Biomaterial, Xiamen Stomatological Research 
Institute, Fujian Medical University, Fujian, China.  
2Institute of Health and Biomedical Innovation, Queensland University of Technology, 
Kelvin Grove 4059, 60 Musk Avenue, Queensland, Australia.  
 
*Co-corresponding authors:  
Jiang-Wu Yao, Department of Oral Biology and Biomaterial, Xiamen Stomatological 
Research Institute, Fujian Medical University, 2 DouXi Street, Xiamen, Fujian, China. 
Fax: 0086 0592 2139597. E-mail: dentyjw@126.com  
 
Yin Xiao, Institute of Health and Biomedical Innovation, Queensland University of 
Technology, Kelvin Grove 4059, 60 Musk Avenue, Queensland, Australia. Fax: +61 
7 3138 6240, E-mail: yin.xiao@qut.edu.au 
2 
Abstract 
Stimulated human whole saliva (WS) was used to study the dynamics of papain 
hydrolysis at defined pH, ionic strength and temperature with the view of reducing an 
acquired pellicle. A quartz crystal microbalance with dissipation (QCM-D) was used 
to monitor the changes in frequency due to enzyme hydrolysis of WS films and the 
hydrolytic parameters were calculated using an empirical model. The morphological 
and conformational changes of the salivary films before and after enzymatic 
hydrolysis were characterized by atomic force microscopy (AFM) imaging and 
grazing angle infrared spectroscopy (GA-FTIR) spectra, respectively. The 
characteristics of papain hydrolysis of WS films were pH-, ionic strength- and 
temperature-dependent. The WS films were partially removed by the action of 
enzyme, resulting thinner and smoother surfaces. The IR data suggested that 
hydrolysis-induced deformation did not occur onto the remnants salivary films. The 
processes of papain hydrolysis of WS films can be controlled by properly regulating 
pH, ionic strength and temperature. 
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Introduction 
The majority of colonizing and infectious microorganisms within the oral cavity 
form complex microbial communities which attach to biotic or abiotic surfaces (1–3). 
Chemical cleansers, usually associated with mechanical methods, are the most 
common and effective procedures for biofilm removal on prostheses and tooth 
surfaces (4); however, proteases, such as Krillase® from Euphausia superba, have 
demonstrated efficiency in removing plaque forming organisms. This is achieved by 
three modes of action: (i) by inhibiting microbial adhesion to saliva-coated 
hydroxyapatite (5), (ii) by disintegration of bacterial surface adhesive proteins, and 
(iii) by hindering colonization of dental surfaces (6). Lactoperoxidase (EC 1.11.1.7) is 
a commonly used additive in oral health care products (7), and the glycosidases (EC 
3.2.1) produced in oral biofilms (8–10) are thought to enhance the effectiveness of 
degrading biofilms and plaque.  
There is, however, little data available on the proteolytic efficiency of a range of 
proteases on human whole saliva (WS) film with respect to variables such as pH, 
ionic strength, and temperature. Fundamental research is therefore needed to find the 
most appropriate proteases with which to optimize oral health care products and 
plaque and pellicle removal. Papain (EC 3.4.22.2) is a protease extracted from the 
latex of the tropical fruit Carica papaya and this enzyme has been studied widely for 
a variety of uses in medical applications, foods, detergents, cosmetics and the 
pharmaceutical industries (11, 12). Papain is a stable and inexpensive enzyme and has 
great potential uses for the degradation of complex adsorbed biofilms (11). It was 
therefore chosen as a model enzyme with which to investigate the complexities of 
enzymatic hydrolysis with the multiple factors generated in this process. The oral 
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cavity is colonised by a large number of beneficial micro-organisms, that live in 
harmony with the host. Enzymatic hydrolysis should not completely eliminate but 
rather control the levels of the acquired pellicle, so as to retain beneficial species of 
the resident oral microflora. In this work, we have built on our early efforts involving 
the use of the quartz crystal microbalance with dissipation (QCM-D) (13), to monitor, 
in situ and in real-time, the catalytic rates of papain on WS film, chemically 
immobilized onto the sensor surfaces (14). Our aim was to validate the effects of 
papain hydrolysis at various pH, ionic strengths, and temperatures, which were used 
to control the levels of acquired pellicle of WS films. The morphology and 
conformation of WS films, before and after enzymatic hydrolysis, were characterized 
by atomic force microscopy (AFM) imaging and grazing angle infrared spectroscopy 
(GA-FTIR) spectra.  
Materials and methods 
Materials 
Chemicals such as acetic acid, sodium acetate, ammonium hydroxide (NH4OH), 
hydrogen peroxide (H2O2), sodium chloride (NaCl) and absolute ethanol were 
obtained from Sigma, St Louis, MO, USA, as was 11-mercaptoundecanoic acid 
(11-MUA), papain (P4762-lyophilized powder, ≥10 units/mg protein) and bovine 
β-casein. N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC) were from Thermo Fisher Scientific, Rockford, IL, 
USA. The buffers used were 5 mM phosphate buffer at pH 7.0 and 10 mM sodium 
acetate buffer at pH 4.9. All chemicals used were of analytical grade.  
Enzymatic activity assay 
Prior to their use, all enzymes were activated by incubation at 40°C for 20 min in 
5 
solutions containing 0.2 M phosphate buffer (pH 7.0, 25 μL), 0.1 M L-cysteine (100 
μL), 0.1 M EDTA (10 μL) and deionized water (865 μL) (15). The proteolytic activity 
of papain was determined by a method described by Lei et al. (16). 
Saliva collection and protein characteristics 
Stimulated human WS was collected from 10 volunteers (4 males, 24 to 50-years 
old; 6 females, 21 to 54-years old; all non-smokers) in the morning before noon. 
Saliva samples were collected 10 min after the subjects had brushed their teeth for 1 
min, without toothpaste, to eliminate effects of food and drink. The subjects were 
instructed to bite a piece of cotton wool (Salivette; Sarstedt Inc. Numbrecht, Germany) 
and saliva produced in the first minute was discarded, after which the saliva was 
allowed to run from the lower lip into pre-weighed tubes on ice to avoid foaming and 
proteolytic degradation. The saliva was separated from the cotton roll by 
centrifugation at 1,200 × g for 10 min; the filtrate was snap-frozen at –40°C, thawed, 
and centrifuged at 14,000 × g for an additional 30 min to remove whole cells or their 
fragments. The supernatants were pooled (8–12 mL) and aliquoted into new tubes, 
then stored at –70°C until needed. The concentration of WS protein was determined 
by the improved Bradford method (17). A standard curve was prepared using bovine 
serum albumin (BSA) (Sigma). Linearity was observed in the absorbance response at 
595 nm to the concentration of BSA (data not shown). This study was approved by 
the committee on research ethics at Fujian Medical University (No: 2005-119). 
Preparation of saliva-modified quartz crystal surfaces 
Cleaning process:  The immobilization of salivary proteins to the quartz crystal 
surfaces (fundamental frequency of 5 MHz; KVS Instruments; Helsinki, Finland) was 
carried out as described previously (13): the surfaces of the gold electrodes were 
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treated with piranha solution (98% H2SO4 + 30% H2O2) for 5 min and cleaned in a 
UV/ozone (T10X10/OES-E UVOCS; Montgomeryville, PA, USA) chamber for 10 
min. After this treatment, the crystals were rinsed thoroughly with pure ethanol and 
Milli-Q water (Millipore, MA, USA), and dried with nitrogen gas (N2).  
Immobilization of saliva on the sensor surface:  Following the cleaning process, 
the crystals were soaked in 10 mM 11-MUA/ pure ethanol solution at 60°C for at least 
24 h. Any excess 11-MUA on the sensor surface was removed by rinsing at least three 
times with pure ethanol and Milli-Q water. The modified quartz crystal surfaces were 
then dried with N2. A mixed solution containing 1:1 (v/v) of 100 mg/mL EDC and 
100 mg/mL NHS was used to activate the 11-MUA-coated quartz crystal surfaces for 
1 h before the immobilizing the salivary proteins. A solution of 0.8 mg/mL salivary 
protein in 10 mM phosphate buffer pH 7.0 containing 50 mM NaCl at 25°C was 
injected to incubate the activated surfaces until the changes of frequency reached a 
steady-state condition, typically within 30 min. After rinsing with the buffer solution, 
the changes of frequency decreased to 180 ± 2 Hz. At this point, data acquisition was 
reset (zeroing Δf), and the baseline was recorded to monitor further changes in the 
enzyme binding and hydrolysis. Each measurement was repeated in triplicate and 
mean and standard deviations were calculated. The data analysis calculations were 
performed with custom written QCM impedance analysis software (KSV Instruments, 
version 3.11, Stratford, CT, USA).  
Kinetics of enzymes hydrolysis of WS film 
The sensor was equilibrated with a phosphate buffer solution prepared from 
monobasic sodium dihydrogen phosphate monohydrate (Na2HPO4-H2O) and dibasic 
sodium phosphate heptahydrate (NaH2PO4-7H2O), after which a solution of 0.5 μM 
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papain was introduced into the QCM cell with a peristaltic pump at a flow rate of 0.2 
mL/min at various defined conditions. The temperature was controlled via a Peltier 
element built into the QCM-D apparatus. Hydrolysis was monitored as a function of 
time by recording the shifts in frequency, simultaneously, at the fundamental resonant 
frequency along with the third overtones. These experiments were repeated three 
times.  
    An empirical model was used to interpret the changes in QCM frequency during 
papain hydrolysis of the WS films. The model presented clarifies data for hydrolysis 
(Eq. 1). This equation and the significance of the respective fitting parameters are 
explained in detail elsewhere (18, 19). 
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Δf and t in Eq. 1 is the frequency (Hz) and experimental time (min) variation, 
respectively. B is the maximum frequency value in hertz that corresponds to the 
plateau region, and A corresponds to the minimum frequency in the sigmoidal curve, 
related to the time period for the transition between binding and hydrolysis. V50 is the 
time, in minutes, at which the inflection in frequency occurs. At V50, the conversion 
from the complex form to final products is maximized. C is the inverse of the 
hydrolytic rate in reciprocal minutes and represents enzymatic activity (18, 19), i.e. 
the smaller value of V50, the higher enzymatic activity. By changing Eq. 1 into a 
natural logarithmic form: 501ln VAf
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axis. 
AFM Imaging  
The structure and morphology of the salivary films before and after enzymatic 
hydrolysis were characterized by AFM imaging using a Nanoscope IIIa Multimode 
scanning probe microscope from Digital Instruments Inc. (Santa Barbara, CA, USA). 
The reference samples of the salivary film were taken out from the QCM-D chamber, 
rinsed with Milli-Q water, dried with nitrogen gas, and then placed into a desiccator 
before measurement. Imaging was performed in soft-contact mode in air at room 
temperature. The drive frequency of the cantilever was 310-345 kHz. Scanning sizes 
of 5 × 5 μm were conducted on at least three different areas of each sample. The 
height images were subjected to first-order flattening to remove offset and tilt of each 
line. The root-mean-square (rms) roughness was determined using the Nanoscope 
software.  
GA-FTIR spectra 
GA-FTIR spectra of WS film on the quartz crystal surface before and after 
enzyme treatment were collected on a Perkin-Elmer Spectrum 2000 FTIR 
spectrometer (Waltham, MA) at room temperature, using a Specac monolayer 
grazing-angle reflection accessory (Woodstock, GA, USA). The incident angle was 
set at 83° from the surface normal. Spectra were collected at 3500–1500 cm–1 with 4 
cm–1 resolution and 1024 scans. The sensors were removed from the QCM cell, rinsed 
in Milli-Q water, and dried under a stream of nitrogen followed by immediate 
examination. Reference sensors without WS proteins were used for background scans. 
Statistical analysis 
The data were analyzed for statistical significance using a one-way ANOVA 
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analysis followed by a SNK-q test for multiple comparisons or a paired t-test for two 
sample comparisons (α = 0.05). 
Results 
Hydrolytic parameters at various conditions 
In this communication, the influence of pH, ionic strength and temperature on 
hydrolysis of WS film was studied by conducting experiments with papain solutions 
(enzyme activity is 104.7 units/mg) under defined conditions. Figure 1A-C shows that 
hydrolysis, in the form of increased effective frequency, was observed after a very 
short binding stage (decreased frequency). The hydrolytic parameters calculated from 
the experimental data at various conditions according to Eq. 2 are compared in Table 
1. With increasing pH, at an ionic strength of 10 mM and at 25°C, the parameter B 
decreased whereas V50 and C increased, which indicates that the extent and rate of 
hydrolysis and enzymatic activity significantly decreased. When ionic strength rose 
from 1 to 5 mM at pH 6.9 and 25°C, B increased and V50 and C decreased, which 
suggests that the extent of enzymatic activity and rate of hydrolysis significantly 
increased; whereas when the ionic strength increased above 5 mM, the hydrolytic 
parameters changed in the opposite direction. There was, however, no significant 
change to the values of B and C within an ionic range of 1 and 50 mM, or to V50 
within an ionic range of 10 to 50 mM. When the temperature was increased from 20 
to 35°C, at pH 6.9 and at an ionic strength of 10 mM, an increase of the extent and 
rate of hydrolysis and enzymatic activity was observed. In order to gain information 
relevant to the topography and conformational change of the remaining salivary films 
following hydrolysis, measurements of AFM and GA-FTIR were carried out, using 
untreated WS film as control. Note that, within the limitations of this study, the 
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greatest hydrolytic efficiencies occurred in three optimised conditions, viz: (1) pH 5.9, 
ionic strength 10 mM and 25°C; (2) pH 6.9, ionic strength 5 mM and 25°C; and (3) 
pH 6.9, ionic strength 10 mM and 35°C.  
AFM imaging  
    Salivary film covered the entire surface and could be seen by AFM imaging in 
soft-contact mode. A typical plot (height image) of intact WS film shows that a thin 
and dense layer covered the entire surface (Figure 2A), on top of which were 
‘‘tower-like’’ surface protrusions, termed aggregates–the shape and size of which 
were well in accordance with those of earlier reports (20–22). These large elongated 
aggregates varied both in height and width prior to digestion, whereas smaller 
globular aggregates could be seen on surfaces following hydrolysis (Figure 2B-D). It 
is worth noting that these aggregates do not form a uniform film, but instead adsorb as 
isolated droplets or integrated “islands” on the surface (20). The maximum heights of 
the aggregates, as measured by AFM, were 137.0 nm, 60.3 nm and 105.0 nm at 
conditions 1, 2 and 3, respectively; however, these values were clearly lower than the 
193.1 nm prior to enzymatic treatment.  
    Representative line profiles of the cuts, indicated by a white line from the 
corresponding height of the AFM images before and after papain hydrolysis of WS 
films, are given in Figure 2A-D. The discrepancies in the rms roughness of the films 
before and after hydrolysis were evident. The rms roughness of intact film is 0.81 ± 
0.07 nm (calculated, in this case, by excluding the large aggregates present in the 
film), which is consistent with what had been reported by Cárdenas et al. (20, 21). 
After enzymatic degradation, the value of WS film roughness is 0.49 ± 0.05 for 
condition 1, 0.57 ± 0.06 for condition 2, and 0.48 ± 0.05 nm for condition 3. However, 
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these values were significantly lower than before hydrolysis (P < 0.05), but the 
roughness in condition 1 was equal to that in condition 3 (P > 0.05) and the roughness 
in condition 2 was distinctly greater than those in conditions 1 and 3 (P < 0.05). In 
general, following hydrolysis WS films became smoother than they were before 
hydrolysis.  
GA-FTIR spectra before and after hydrolysis of WS film 
WS films were treated with enzyme in the three optimal conditions and their 
conformations were evaluated by GA-FTIR using untreated salivary films as controls. 
Figure 3 shows a typical infrared spectrum (1500–3500 cm–1) of WS films before and 
after enzymatic treatment. There were shifts in absorbance of water bands from 
maxima at 3248 ± 3 cm–1 before enzymatic treatment to 3291 ± 2 and 3293 ± 3 (95% 
confidence intervals) cm–1 after hydrolysis. The 2924 ± 2 cm–1 band assigned to the 
protein CH2 stretching vibrations did not shift, but the intensity of vibrations 
decreased following papain hydrolysis. There was no shift of the amide I bands 
centered at 1654 ± 2 cm–1 before or after enzymatic treatment. However, the amide II 
region, which registered at 1560 ± 2 cm−1 prior to hydrolysis, shifted to 1541 ± 3 and 
1543 ± 3 cm–1 following hydrolysis. 
 
Discussion 
Various kinetic models have been developed to describe the hydrolytic rate of 
enzymes (18, 23–25). Typical models include the Michaelis- Menten equation (26), 
and other models that assume quasi-steady-state conditions during hydrolysis (25). 
The quantification of hydrolytic rate demands knowledge of the exact molecular 
weight of both proteins and enzymes. The data in this study are representative for 
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salivary proteins; however, the molecular weight of the substrate is not known since 
saliva consists of a complex mixture of at least 330 proteins and peptides. For this 
reason, classical and affirmatory kinetic models, such as the Michaelis-Menten 
equation, cannot be applied to our experimental data. Thus, the empirical hydrolytic 
models, used in other studies (18, 19) to describe enzymatic degradation of biofilms, 
were introduced to interpret the changes in QCM-D frequency in this investigation. 
Hydrophobic interactions are known to be favored as the reaction temperature 
rise (13, 14) and such interactions between enzyme and substrates were verified by 
temperature-dependent QCM-D measurements. Papain displayed 
temperature-dependent hydrolytic characteristics; at higher reaction temperatures the 
rate of hydrolysis increased as did enzymatic activity. This observation is likely to be 
caused by partial denaturing of the salivary proteins by the increased temperature 
which leads to greater exposure of the hydrophobic surfaces of the proteins (9, 13, 14) 
leading to more opportunities for the enzymes to take part in the reactions. This 
entropically driven characteristic of papain hydrolysis of saliva is consistent with 
earlier studies for enzyme degradation on immobilized protein substrates (18) and was 
confirmed by GA-FTIR spectra measurements, which is discussed in section below. 
The role of hydrophobicity is clearly one of the most pertinent aspects in the present 
study.  
Papain is a globular protein consisting of a single 212 residue polypeptide chain, 
which folds to form two domains separated by a deep cleft (26–29). A cysteine 
(Cys25(–)) located in an α-helix in the left domain is the essential catalytic residue in 
the active site together with a histidine (His159(+)) located in the opposite domain of 
the enzyme. Electrostatic effects in active sites are believed to be the most important 
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aspect explaining the hydrolytic rate of enzyme catalyzed reactions. We found that 
papain exhibited its highest rate of activity and catalytic efficiency at a pH of 5.9, 
consistent with the optimal pH of 6.0 observed by Khaparde et al. (28). The catalytic 
efficiency rose significantly when the pH departed from the isoelectric point (9.5) of 
papain (29). This suggests that the electrostatic interactions between the WS surface 
charges and zwitterionic charges of the Cys25(–) and His159(+) amino acids, play a 
significant role in the reactions.  
Ionic surfactants are commonly used in toothpaste, mouth rinses, and denture 
cleanser formulations (30), which makes the study of the effect of ionic strength (I) on 
salivary film highly relevant. The WS protein molecules are essentially amphoteric 
polyelectrolytes, containing both positive and negative charges, which mean there 
simultaneously exists electrostatic attraction and electrostatic repulsion between the 
charges in WS protein and papain. The electrostatic attraction and repulsion may be 
related to the average distance, i.e. R+ (between the papain’s positive sites and WS 
protein’s negative sites), R– (between the papain’s negative sites and WS protein’s 
negative sites) and Rd (the Debye length, ca. 0.3/√I, is the distance over which 
significant charge separation can occur) according to Dubin’s model of electrostatic 
interaction of protein with polyeletrolyte (31). When the papain catalysis of the WS 
film takes place at a low ionic strength (I = 1 mM), it is conceivable that neither 
negative nor positive charge groups are shielded. When I increases from 1 to 5 mM, it 
is possible that increased I screens the electrostatic repulsion without disturbing the 
electrostatic attraction. Consequently, the total catalytic efficiency will both be 
enhanced with increasing I. When I > 5 mM, it is possible that both attraction and 
repulsion are efficiently screened. The increase of I beyond 5 mM therefore leads to 
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the reduced rate and extent of catalytic interactions. I-dependence of 
protein-polyelectrolyte interactions similar to these have been reported by other 
groups (32, 33). As discussed earlier, we demonstrated that the hydrolytic 
characteristics of papain relative to WS film depend on a combination of pH-, I- and 
temperature. This suggests it is possible to control film thickness on the surface, as 
opposed to eliminating it completely, by regulating pH, I and temperature of the 
catalytic reactions. 
AFM and ellipsometry have been successfully applied to give a detailed picture 
of the salivary film structure and topography (20, 30). These measurements showed 
that the salivary film is composed of two sub-layers–the inner layer being dense and 
compact, whereas the outer layer (including protrusions) is diffuse and thick (20). 
Salivary proteins of the outer layer provide an altered surface to which bacteria can 
adhere; however, in this study, the protruding parts, including aggregates, appeared to 
be easily digested and be the first to be liberated from the surface by the enzyme 
solution. There are two implications arising from these results. On one hand, there 
may initially have been more binding sites on the projecting surface which were 
readily accessible to enzymatic active sites, resulting in the WS films become thinner 
and smoother. On the other hand, the outer layer was partially eliminated by 
enzymatic action, which was likely to affect formation of the protein pellicle and 
bacterial colonization. The WS films were not completely removed and could be due 
to a number of reasons. Firstly, remains of salivary protein molecules in the inner 
layer have properties similar to a rigid coil (20), which are difficult to hydrolyze. 
Secondly, the enzyme concentration (0.5 μM) used in this study may have been too 
low to digest the films completely (27, 28). The roughness after hydrolysis in 
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conditions 1 and 3 were distinctly less than that seen in condition 2, suggesting that 
the WS film might be digested more completely under conditions of pH 5.9/25 °C and 
pH 6.9/35 °C at the same ionic strengths. This result hints at a synergistic effect of pH, 
ionic strength and temperature that favored the hydrolytic processes.  
The structural and conformational changes of salivary proteins caused by the 
process of hydrolysis were investigated at the molecular level that are important for 
the biological function of the salivary film. The amide I region (~1700–1600 cm–1), 
largely due to a C=O stretching vibration, has been widely used as a reference for 
conformational studies (34). The amide II region (1500–1600 cm–1) contains 
information from the in-plane N–H bend and C–N stretch of the amide bond. The 
FTIR spectrum of neat water presents a broad band in the 3000–3600 cm–1 region 
which attributes to the vibrational modes from four oscillating dipoles of 
four-coordinate H-bonded water molecules (35). The vibrational band between 2800 
and 3000 cm–1 refers to the stretching C–H from alkyl groups. Figure 3 shows the 
shifts in absorbance of water bands from 3248 ± 3 cm–1 before enzymatic treatment to 
3291 ± 2 and 3293 ± 3 cm–1 after hydrolysis, which indicates the release of associated 
water molecules from the remains of WS films. The decreasing intensity of the 
protein antisymmetric and symmetric CH2 stretching vibrations at 2924 ± 2 cm–1 
suggests the presence of hydrophobic interactions during hydrolytic processes. There 
was no evidence of amide I band shifts at the 1654 ± 2 cm–1 band, but there was a 
dramatic decrease in intensity. This result suggests the WS films have become thinner 
following enzymatic hydrolysis, but that there was no conformational change of the 
remnant salivary proteins. It is quite likely that the remnants films probably are still 
biologically active and able to retain conditions suitable at levels compatible with oral 
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health. The amide II region, which is located around 1560 ± 2 cm−1 prior to hydrolysis, 
shifted to 1541 ± 3 and 1543 ± 3 cm–1 following proteolysis. These shifts are most 
likely the result of hydrogen bond formation from amino acids (36), which suggests 
that the most important element of papain hydrolysis of WS film is the domination of 
the hydrogen bonds. 
In summary, papain has many properties that make it an effective ingredient in 
oral health care products that are capable of improving oral hygiene while still 
preserving the benefits of oral biofilm. In this study we demonstrated that the 
hydrophobic and electrostatic interactions and hydrogen bonding are main elements 
driving papain hydrolysis of salivary films. The hydrolytic efficiency of papain on 
salivary films could be manipulated by altering conditions such as pH, ionic strength, 
and temperature.  
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